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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

[0001] The present Invention relates to a novel metal-organic polymer composite structure, particularly a porous 
metal-organic polymer composite structure, which can be utilized as functional materials such as catalysts, fixed cat- 
alysts, membrane reactors, antistatic plastics and other applications, and a method for producing the same. 

w 

Prior Art 

[0002] Ultrafine metal particles including noble metal particles are widely used as catalysts, and it is known that the 
smaller the particle size is, the higher the catalyst activity per unit weight is. In this case, since an ultrafine metal particle 

15 having a particle size of nm order tends to coagulate due to bonding of metal atoms on its surface and it is difficult for 
the particle to exist in stable manner without any treatment, protection and stabilization using a surfactant and a polymer 
such as poly(N-vinyl-2-pyrrolidone), poly(2-vinylpyridine) and the like have been tried (Mathias Brust et al., J. Chem. 
Soc., Chem. Commun., 801 , 1 994; Naoki Toshima et. al., Chemistry Letters, 1 245, 1 985). Since ultrafine metal particles 
thus obtained are usually in a uniform solution, separation from a reaction product is difficult when the particles are 

20 used as a catalyst, and for industrial use, a support such as silica gel, polymer on the like is desired. Therefore, it is 
preferable that the support is composed of a microporous material having a large specific surface area, and conse- 
quently, inorganic materials such as silica gel, activated carbon, alumina and the like have been hitherto used. However, 
these inorganic materials have problems in molding properties and processing properties since they are powders 
themselves, and for use as a film or membrane, a support by a polymer is required. 

25 [0003] Typical examples of methods for producing a microporous film composed of a polymer include the following. 

(1) Japanese Patent Application Laid-Open (JPA) No. 1,739/1989 

[0004] Described is a method for producing a porous material by microphase separation of a block copolymer com- 
30 posed of a styrene derivative and a conjugated diene or acrylate derivative, and by hydrolysis and treatment of the 
conjugated diene or acryiate derivative with plasma containing oxygen. 

(2) JPA No. 279,741/1 990 

35 [0005] Described is a method in which a mixture of a first polymer having an ionic-bonding functional group on each 
end of the polymer and a second polymer having a functional group on each end capable of bonding to the afore-said 
functional group of the first polymer is subjected to a solution casting, one phase of the microphase-separated structure 
formed in the resulting film is treated with a base or acid to cut the bonding of the block copolymer, and the treated 
phase is extracted with a solvent. 

40 

(3) JPA No. 287,084/1993 

[0006] Described is method for producing a porous film having a pore size of several hundreds nm which has ex- 
pectantly the possibility as a carrier for a catalyst. This method is characterized in that the film has a bicontinuous 

45 structure of various microphase-separated structures to be formed by a block copolymer, one component is decom- 
posed or eluted, and the pore size distribution is very narrow due to the bicontinuous structure. 
[0007] As for fixing ultrafine metal particles on such a support, although physical adsorption on the surface of the 
support is most simple, the supported ultrafine metal particles tend to flow out of the system in such method. 
[0008] For preventing it, ultrafine metal particles are preferably fixed on the support through some chemical bond. 

5 o As a specific method for chemically fixing ultrafine metal particles, there has been reported a method in which a support 
obtained by modification with imino diacetate on the surface of a copolymer of styrene and divinylbenzene is used, 
and then palladium ions are reduced in a water/methanol mixed solution to form palladium fine particles on the support 
(H. Hirai, S. Komatuzaki, and N. Toshima; Bull. Chem. Soc. Jpn., 57, 488-494, 1 984). While a number of methods are 
thus known for ultrafine metal particles supported on the surface of a polymer, from the viewpoint of stability of ultrafine 

55 metal particles on support, supported particle inside the support is more preferable than that on the support. 

[0009] As methods for introducing ultrafine metal particles inside a polymer, there are known, for example, a method 
in which poly(2-vinylpyridine) phase of a poly(2-vinylpyridine)/ polystyrene block copolymer is crosslinked with 1 ,4-di- 
iodobutane, then, fine crystals of silver iodide are deposited therein, and the crystals are reduced by photoreduction 
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so as to form ultrafine silver particles (R. Saito, S. Okamura and K. Ishizu, Polymer, 1993, 34-6, 1189). A method is 
also known in which a palladium (II) acetylacetonate complex is dissolved in a methacrylic acid monomer, polymerized 
and solidified with benzoyl and peroxide. Then, the solidified substance is heated to form ultra fine metal particles (Y. 
Nakao,Kobunshi,43,December, pp 852-855 1 994). However, the former is a peculiar method utilizing the photoreduc- 
5 tion of silver halfide fine crystal, and therefore, this method can not be generally applied to a wide range of metals 
including noble metals such as platinum, palladium and rhodium useful as a catalyst and other applications. The latter 
method, based on a synthesizing and crosslinking reaction of a homopolymer, is also inappropriate because it cannot 
form a porous material to be used as a catalyst and other applications. 

10 Summary of the Invention 

[0010] According to a first aspect of the invention, there is a provided a method for producing a porous metal-organic 
polymer composite structure comprising a microphase-separated structure from a block copolymer in which a metal- 
philic polymer chain and a metalphobic polymer chain which are incompatible with each other are bonded together at 
15 each end, wherein ultrafine metal particles are contained in the metalphilic polymer phase of said microphase-sepa- 
rated structure, comprising the steps of: 

i) dissolving a non -water-soluble organic polymer; a solvent-soluble metal compound and a reducing agent in an 
organic solvent, and then heating the solution for reduction at 50 to 120°C to produce a metal-organic polymer 

20 complex in which an ultrafine metal particle is protectively coated with the non-water-soluble organic polymer; 

ii) producing a solution of a melt in which said metal-organic polymer complex and a matrix block copolymer com- 
patible with the complex are randomly mixed, and forming a microphase-separated structure from said matrix block 
copolymer by a solvent casting or a decrease in temperature, thereby introducing the ultrafine metal particles into 

25 the metalphilic polymer phase; and 

iii) removing the metalphobic polymer phase from said microphase-separated structure for pore formation by eluting 
or decomposing said metalphobic polymer phase. 

30 [001 1 ] According to a second aspect of the invention there is provided a method for producing a porous metal-organic 
polymer composite structure comprising a microphase-separated structure from a block copolymer in which a metal- 
philic polymer chain and a metalphobic polymer chain which are incompatible with each other are bonded together at 
each end, wherein ultrafine metal particles are contained in the metalphilic polymer phase of said microphase-sepa- 
rated structure comprising the steps of: 

35 

i) dissolving a block copolymer in which a metalphilic polymer chain and a metalphobic polymer chain are bonded 
together at each end, a solvent-soluble metal compound and a reducing agent in an organic solvent, and then 
heating the solution for reduction at 50 to 120°C to produce a metal-organic polymer complex in which an ultrafine 
metal particle is protectively coated with said block copolymer, and 

40 

ii) producing a solution or a metal in which said metal-organic polymer complex is randomly mixed, and forming a 
microphase-separated structure from said metal-organic polymer complex by a solvent casting or a decrease in 
temperature, and 

45 iii) removing the metalphobic polymer phase from said m icrophase-separated structure for pore formation by eluting 

or decomposing said metalphobic polymer phase. 

[0012] The present invention solves the above-described problems in the conventional art, by providing a novel type 
of metal-organic polymer composite structure, particularly a porous metal-organic polymer composite structure, in 
50 which ultrafine metal particles are contained and maintained (embedded) in a block copolymer phase, not by providing 
a metal-organic polymer composite in which ultrafine metal particles are attached simply on the surface of a porous 
support (the void wall surface) as in the above-described prior art. 

[0013] More specifically, according to an embodiment of the present invention, a metal-organic polymer complex is 
prepared beforehand in which the outer surface of an ultrafine metal particle is coated (protectively coated) with a 
55 polymer (homopolymer) which is compatible with a polymer forming a matrix. The metal-organic polymer complex is 
then mixed with a block copolymer containing a polymer chain which is to form the support (the matrix). The formation 
of a phase-separated structure (microphase-separated structure) from the block copolymer results in a metal-organic 
polymer composite structure in which ultrafine metal particles are contained in a phase of the microphase-separated 
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structure. Further.from such metal-organic polymer composite structure (particularly the one having a bicontinuous 
structure), a porous structure can be obtained by eluting or decomposing the phase not containing the metal. 
[0014J While the present invention thus provides a novel metal-organic polymer composite structure, particularly a 
porous composite structure, in which ultrafine metal particles are contained in a polymer phase, it has been found by 
5 observing this structure with a microscope that the ultrafine metal particles are located deeply inside the matrix polymer 
forming a network. Therefore, for example, when this metal-organic polymer composite structure, particularly a porous 
structure, is used as a catalyst, it is required that the reactants should invade deeply inside the matrix polymer, and 
the catalytic activity may not be fully manifested. 

[0015] This disadvantage that "the distance between the surface of the polymer skeleton and the ultrafine metal 
10 particle is long" is solved, according to a preferred embodiment of the present invention, by preparing beforehand 
ultrafine metal particles coated with a specific block copolymer and introducing them into a microphase-separated 
structure of a matrix polymer. More specifically, a metal-organic polymer complex is prepared in which an ultrafine 
metal particle is coated with a block copolymer (not with the homopolymer as described above) composed of a met- 
alphilic polymer chain and a metalphobic polymer chain, and by using this complex, the ultrafine metal particles are 
15 introduced and contained in a phase of a microphase-separated structure formed from a block copolymer which has 
compatibility with the polymer chain (which has coated the ultrafine metal particles) and is to form a matrix (a support). 
Thus, accordingtothe present invention, there is obtained a structure (particularly, a porous structure) in which ultrafine 
metal particles are located near the surface (boundary) of the matrix polymer skeleton. 

[0016] Furthermore, in the above-descried method for forming a microphase-separated structure using a metal- 
20 organic polymer complex in which an ultrafine metal particle is coated with a non-water-soluble organic polymer (which 
is a homopolymer), the skeleton is disturbed and a microphase separation into "a domain in which ultrafine metal 
particles are condensed" and "a polymer skeleton domain in which ultrafine metal particles are contained only in a 
slight amount" occurs when the ultrafine metal particle content is increased. It is therefore difficult to introduce the 
ultrafine metal particles into the polymer skeleton matrix in an amount of 1% or more by weight. Furthermore, since 
25 the ultrafine metal particles are located inside the matrix polymer skeleton, the reactants should invade deeply into the 
polymer skeleton, and consequently the catalytic activity decreases when the structure is made into a porous material 
and used as a catalyst. 

[0017] Such problems that "(1 ) the ultrafine metal particle content is low" and "(2) the distance between the surface 
of the polymer skeleton and the surface of the ultrafine metal particle is long" are also solved, according to another 

30 preferred embodiment of the present invention, by using a metal-organic polymer complex in which the surface of an 
ultrafine metal particle is protectively coated with a block copolymer (namely, not with a homopolymer) in which a 
metalphilic polymer chain and a metalphohbic polymerchain are bonded together at each end. More specifically, taking 
advantage of a microphase-separated structure obtained directly from such complex, it becomes possible to produce 
a metal-organic polymer composite structure and a porous metal-organic polymer composite structure having a re- 

35 markably high metal content. 

[0018] Thus, according to the present invention, there is provided a metal-organic polymer composite structure com- 
prising a microphase-separated structure from a block copolymer in which a metalphilic polymer chain and a metal- 
phobic polymer chain (which are incompatible with each other) are bonded together at each end, wherein ultrafine 
metal particles are contained in the metalphilic polymer phase of the microphase-separated structure. In the metal- 

40 organic polymer composite structure of the present invention the metalphobic polymer phase is subjected to pore 
formation to form a porous structure. 

[0019] In a preferred embodiment of the metal-organic polymer composite structure of the present invention, the 
ultrafine metal particles are located near the skeleton surface (boundary) of the metalphilic polymer phase of the mi- 
crophase-separated structure. 

45 [0020] In another preferred embodiment of the metal-organic polymer composite structure of the present invention, 
the ultrafine metal particles are contained in the metalphilic polymer phase in an amount of 1 % or more by weight, and 
they can also be contained even in an amount of 1 0% or more by weight. 

[0021] The microphase-separated structure in the structure of the present invention is preferably of a bicontinuous 
structure. The ultrafine metal particles contained in the structure of the present invention usually have a particle size 
50 of 10 nm or less. 

[0022] In another aspect of the present invention, there is provided a method for producing the above-described 
metal-organic polymer composite structure comprising the steps of i) dissolving a non -water-soluble organic polymer, 
a solvent-soluble metal compound and a reducing agent in an organic solvent, and then heating the resultant solution 
for reduction at 50 to 120°C to produce a metal-organic polymer complex in which an ultrafine metal particle is coated 
55 with the non-water-soluble organic polymer, and ii) producing a solution or a melt in which the above-described metal- 
organic polymer complex and a matrix block copolymer compatible with this complex are randomly mixed (i.e. in a 
disordered state), and forming a microphase-separated structure from the matrix block copolymer by a solvent casting 
or a decrease in temperature, respectively, thereby introducing the ultrafine metal particles into the polymer phase. 
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[0023] The method of the present invention usually comprises, after the formation of the microphase-separated struc- 
ture, the step of iii) removing the metalphobic polymer phase from the microphase-separated structure for pore forma- 
tion, so as to obtain a porous metal-organic polymer composite structure. In a preferred embodiment of the present 
invention, there is used a block copolymer, as the non-water-soluble organic polymer, in which a metalphilic polymer 
5 chain and a metalphobic polymer chain (which are incompatible with each other) are bonded together at each end, to 
consequently obtain a metal-organic polymer composite structure in which metal particles are located near the skeleton 
surface (boundary) of the polymer phase. 

[0024] The present invention also provides a method for producing the above-described metal-organic polymer com- 
posite structure, comprising the steps of i) dissolving a block copolymer in which a metalphilic polymer chain and a 

10 metalphobic polymer chain are bonded together at each end, a solvent-soluble metal compound and a reducing agent 
in an organic solvent, and then heating the resultant solution for reduction at 50 to 120°C to produce a metal-organic 
polymer complex in which the surface of an ultrafine metal particle is coated with the block copolymer, and ii) producing 
a solution or a melt in which the above-described metal-organic polymer complex is randomly mixed (i.e. in a disordered 
state), and forming a microphase-separated structure from the metal-organic polymer complex by a solvent casting or 

15 a decrease in temperature, respectively. 

[0025] The method of the present invention usually comprises, after the formation of the microphase-separated struc- 
ture, the step of iii) removing the metalphobic polymer phase from the microphase separated structure for pore forma- 
tion, so as to obtain a porous metal-organic polymer composite structure. This method of the present invention is 
suitable for obtaining a metal-organic polymer composite structure having a particularly high amount of ultrafine metal 

20 particles. 

[0026] In further aspect of the present invention, there is provided a metal-organic polymer complex in which an 
ultrafine metal particle (metal cluster) is coated with a non-water-soluble organic polymer. As such metal-organic pol- 
ymer complex is preferred a complex in which the non-water-soluble organic polymer is a block copolymer in which a 
metalphilic polymer chain and a metalphobic polymer chain (which are incompatible with each other) are bonded to- 
25 gether at each end. Such metal-organic polymer complex is used for producing the metal-organic polymer composite 
structure of the present invention, and further, is useful itself in various applications. 

[0027] The present invention further provides a method for producing the above-described metal-organic polymer 
complex, comprising the step of dissolving a non-water-soluble organic polymer, a solvent-soluble metal compound 
and a reducing agent in an organic solvent, and then heating the solution for reduction at 50 to 120°C. 

30 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0028] Fig. 1 is a schematic model representing the structure of an ultrafine metal particle-block copolymer complex 
formed in a micelle, as is conventionally known. 
35 [0029] Fig. 2 is a schematic model representing the structure of a metal-organic polymer complex in which an ultrafine 
metal particle is protectively coated with a block copolymer, according to a preferred embodiment of the present in- 
vention. 

[0030] Fig. 3 shows a transmission electron microphotograph (left) and a schematic model thereof (right), both rep- 
resenting the structure of a metal-organic polymer composite structure obtained by using a matrix polymer and a metal- 

40 organic polymer complex in which an ultrafine metal particle is coated with a homopolymer. 

[0031] Fig. 4 shows a transmission electron microphotograph (left) and a schematic model thereof (right), both rep- 
resenting the structure of a metal-organic polymer composite structure obtained by using a matrix polymer and a metal- 
organic polymer complex in which an ultrafine metal particle is coated with a block copolymer according to a preferred 
embodiment of the present invention. 

45 [0032] Fig. 5 shows a scanning electron microphotograph (A) and a transmission electron microphotograph (B), 
representing the structure of a porous metal-organic polymer composite structure containing a high amount of metal 
obtained by using only a metal-organic polymer complex in which an ultrafine metal particle is coated with a block 
copolymer according to a preferred embodiment of the present invention. 

so Detailed Description of the Invention 

[0033] While the present invention provides a novel metal-organic polymer composite structure, particularly a porous 
metal-organic polymer composite structure, by utilizing a metal-organic polymer complex (organic polymer-protected 
metal cluster) in which an ultrafine metal particle (metal cluster) is coated with a non-water-soluble organic polymer, 
55 such metal-organic polymer complex itself is also useful as a catalyst, a nonlinear optical material, an electroconductive 
plastic, an antistatic material, a plastic filler and other applications. 

[0034] As described in the beginning, in order to stabilize ultrafine metal particles having a small particle size without 
coagulating each other for use as a catalyst and other applications, the following examples of metal clusters protected 
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by a polymer, as well as mlcrophase-separated structures, have been hitherto known. 

(1) Metal clusters protected with a water-soluble polymer (Naoki Toshima et. al., Z. Naturforsch, 50a, 283, 1995): 

5 [0035] Described is a method in which a noble metal salt such as palladium chloride, hexachloroplatinic acid and 
the like is used together with poty(N-vinyl-2-pyrrolidone) to prepare an aqueous solution, and the solution is subjected 
to reduction by alcohol to form metal clusters protected with poly(N-vinyl-2-pyrrolidone). The metal clusters thus formed 
are water-soluble. However, most of synthetic polymers which are industrially used are non-water-soluble, such as 
even polymers having a relatively high polarity such as poly(methyl methacrylate), polyvinylpyrrolidine and the like, 

io not to mention non-polar polymers such as polystyrene, polybutadiene, polyisoprene and the like. Therefore, there is 
a problem that uniform colloidal dispersion in these synthetic polymers can not be formed by using metal clusters 
protected with such water-soluble polymer. 

(2) Cluster formation by reduction of a metal salt in a micellar polymer formed in an organic solvent (Markus Antonietti 
is et al., Advanced Materials, 1000, 7, No. 12, 1995): 

[0036] A micelle in which a metal salt is contained in an organic solvent is formed by vigorously mixing an aqueous 
solution of the metal salt.such aschloroauric acid with a block copolymer composed of polystyrene and pofyviny (pyridine 
in a toluene/tetrahydrofuran mixed solution. Reaction with a reducing agent such as NaBH 4 and N 2 H 4 results in the 
20 formation of metal cluster stabilized in the micelle. However, since the cluster is formed inside the polymer micelle in 
this method, the size of the cluster depends on such factors as the size of the micelle and the stoichiometrical relation 
between the metal salt and the metal bonding sites. This method therefore suffers a drawback that the control of the 
cluster size is difficult. 

[0037] In addition, this reference discloses neither a method for producing a porous metal-organic polymer composite 
25 structure nor a composite structure produced thereby. This reference relates to a polymer-protected metal cluster which 
is quite different from a metal-organic polymer complex as produced in the step i) of the claims of the present invention. 

(3) Microphase-separated structure (R. Saito et. al., Polymer Vol.36, No. 21, pages 4119-4124(1995)). 

30 [0038] This discloses a microphase separated from a block copolymer [poly (2-vinylpyridine/polystyrene) block co- 
polymer]. However, the method disclosed is very different from the method of the present invention. In the method of 
this reference, a microphase separated structure containing silver nitrate is formed by casting a solution of silver nitrate/ 
block copolymer in water/1 ,4-dioxane. The microphase-separated structure is then fixed by placing the cast film in 
contact with diiodobutane gas so as to crosslink the poly (2-vinylpyridine) (P2VP), whereupon fine crystals of silver 

35 iodide are deposited in the P2VP phase of the phase-separated structure through the reaction of the silver nitrate with 
iodine ions from the diiodobutane. The silver iodide crystals are thereafter reduced by photoreduction so as to form 
fine silver crystals. 

[0039] Contrary to the method of the present invention, it is quite impossible, by the method as disclosed in this 
reference, to control the location of metal particles within the microphase-separated structure since such particles are 
40 formed from the silver iodide crystals randomly deposited in the P2VP phase. In addition, it is apparent to the skilled 
person that the method of this reference includes sophisticated steps for forming metal particles and is applicable only 
to silver which is susceptible to the specific photoreduction. 

[0040] Thus, no conventional techniques have realised a polymer-protected metal cluster in which the metal cluster 
exists in a stable manner, the control of the cluster size is easy, and the dispersion for use in a wide range of polymers 
45 is also possible. 

[0041] The present invention therefore provides a polymer-protected metal cluster which has a wide range of appli- 
cations including easy introduction into various polymers, due to solubility in various organic solvents, as well as a 
method for producing such protected cluster. The present invention has solved the problems of the prior art as described 
above, and it becomes possible to form a protected metal cluster having a particle size of 1 0 nm or less where the size 

50 distribution is narrow and even the size control of the particle is easy. 

[0042] For producing a metal-organic polymer composite structure (including a porous structure) according to the 
present invention, it is particularly preferable to use a complex in which the surface of an ultrafine metal particle is 
coated with a block copolymer (block copolymer in which a metalphilic polymer chain and a metalphobic polymer chain 
are bonded together at each end) as the metal-organic polymer complex (organic polymer-protected metal cluster). 

55 By this way, there can be obtained a composite structure (particularly a porous composite structure) in which ultrafine 
metal particles are near the skeleton of a matrix polymer, and also a composite structure (particularly a porous com- 
posite structure) containing a remarkably high amount of metal. These advantages can be accounted for as follows. 
[0043] As a complex in which an ultrafine metal particle is coated (protectively coated) with a polymer, there has 
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been hitherto known a complex in which an ultrafine metal particle is coated with a polymer for stabilization by reduction 
reaction in a polymer micelle. (Markus Antonietti et. al. f Advanced Materials, 1000, 7, No. 12, 1995), as described 
above. By such method, however, the complex in which the ultrafine metal particle is coated with the polymer (even if 
the polymer is a block copolymer) forms a concentric multi-layer structure (see Fig. 1). 

5 [0044] On the other hand, in the method of the present invention, it is considered as described below that an ultrafine 
metal particle is coated and stabilized basically by one polymer molecule since the ultrafine metal particle is formed is 
within a space defined by the polymer molecule present in the form of solution. Therefore, when a block copolymer in 
which "a metalphilic polymer chain " and "a metalphobic polymer chain" are bonded together at each end is used, only 
"the metalphilic polymer chain" will presumably coat the ultrafine metal particle so as to form "the head of the metal- 

10 organic polymer complex ", and "the metalphobic polymer chain" is bonded to this head at its end to form 'the tail of 
the metal-organic polymer complex"(The schematic model is shown in Fig. 2) Therefore, an ultrafine metal particle 
coated even with a block copolymer is not suitable for the metal-organic polymer complex to be used in the present 
invention (if it is formed in a micelle of such block copolymer), since the outer shell of the particle is coated with the 
same kind of polymer (which is incompatible with metal). 

15 [0045] The "metal-organic polymer complex" to be used in the present invention is thus expectantly constituted of 
"the head portion" and "the tail portion" and the respective portions will possibly tend to to be introduced into the 
corresponding phases compatible with the respective polymers. However, since "the head portion" and "the tail portion" 
are chemically bonded, the complex can not be embedded deeply into the corresponding phases, and consequently 
there can be obtained a structure in which the metal is located near the boundary of the polymer phase skeleton of 

20 the phase-separated structure. A porous structure can be obtained by decomposing one of the polymer phases. 

[0046] Such a feature of the present invention has actually been substantiated by observing the resulting metal- 
organic polymer composite structure or the porous metal-organic polymer with a microscope. Fig. 3 shows a transmis- 
sion electron microphotograph (left) and its schematic picture representing the photograph (right) of a structure of the 
present invention. The structure is obtained by introducing ultrafine metal particles (ultrafine Pd particles) coated with 

25 poly(2-vinylpyridine) (P2VP) (homopolymer) into a microphase-separated structure from a block copolymer (P2VP- 
b-PI) composed of poly(2-vinylpyridine) (P2VP) and polyisoprene (PI). In the photograph and the figure, the black dots 
indicate ultrafine metal particles, and a porous structure is obtained by decomposing the blackish phase (PI phase) to 
be a pore (This remark applies to Fig. 4 to be described below). From the Fig.3, it is seen that the ultrafine metal 
particles are located deeply inside and around the center of the P2VP phase. On the other hand, Fig. 4 shows a 

30 transmission electron microphotograph (left) and its schematic picture (right), representing the structure composed of 
a microphase-separated structure from P2VP-D-PI into which ultrafine Pd particles coated with P2VP-D-PI (block co- 
polymer) is introduced, according to a preferred embodiment of the present invention. It is seen that the ultrafine metal 
particles (Pd) are located near the skeleton boundory of the P2VP phase. 

[0047] Thus, according to the present invention, there can be obtained a porous material useful, for example, as a 
35 membrane reactor and a highly active catalyst which is easily contacted with a reactant, with supporting ultrafine metal 
particles strongly on a support (polymer). 

[0048] Further, the metal-organic polymer complex to be used in the present invention, in which an ultrafine metal 
particle (metal cluster) is protectively coated with a block copolymer (block copolymer in which a metalphilic polymer 
chain and a metalphobic polymer chain are bonded together at each end), is itself a kind of supermolecule, and it can 

40 be considered as a huge surfactant or a block copolymer molecule within which a metal particle is contained. Therefore, 
the metal-organic polymer complex itself can form a microphase-separated structure, and from such microphase- 
separated structure a metal-organic polymer composite structure and a porous metal-organic polymer composite struc- 
ture can be produced even without using a matrix polymer. Furthermore, since ultrafine metal particles are contained 
from the beginning, a metal-organic polymer composite structure and a porous metal-organic polymer composite struc- 

45 ture derived from the microphase-separated structure is considered to contain a high amount of the ultrafine metal 
particles. 

[0049] Such a feature has actually been substantiated by observing the resulting metal-organic polymer composite 
structure and porous metal-organic composite structure with a microphotograph. Fig. 5 shows a scanning electron 
microphotograph representing the surface image (A) and a transmission electron microphotograph revealing the in- 

50 ternai image (B) of one example of the porous metal-organic polymer composite structure obtained according to the 
present invention. It is seen from Fig. 5 that, in the porous structure of the present invention, a continuous fine pore 
(the black domain in A represents a pore region formed by the removal of metalphobic polymer phase (polyisoprene 
phase)) is formed, and a remarkably high amount of ultrafine metal particles (ultrafine Pd particles in this case : black 
dots represented in B) are uniformly dispersed therein. 

55 [0050] Thus, according to the present invention, ultrafine metal particles can be contained in an amount of 1% or 
more by weight which has been impossible in the conventional structures or porous materials using a metal-organic 
polymer complex. Furthermore, the ultrafine metal particles can be introduced even in an amount of 10% or more by 
weight which is effective in the case of practical use as a catalyst and other applications. Even 50 to 60% by weight 
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of uftrafine metal particles can be introduced if necessary. 

[0051 ] The metal-organic polymer composite structure and porous metal-organic polymer composite structure of the 
present invention will be described in detail below referring to the respective constituent components and steps for the 
production thereof. 

5 

(1) Preparation of metal-organic polymer complex 

[0052] For preparing the metal-organic polymer complex according to the present invention, a non-water-soluble 
organic polymer (homopolymer or block copolymer), a solvent-soluble metal compound and a reducing agent are 

10 dissolved in an organic solvent (a common excellent solvent for these components) , to prepare a solution in which the 
respective components are dispersed in molecular level. Then, the solution is heated for reduction to prepare a metal- 
organic polymer complex in which the surface of the ultrafine metal particle is coated (protectively coated) with the 
block copolymer or the homopolymer, and the complex is purified by such means as super-centrifugal separation. 
[0053] The temperature for the heating for reduction is usually in the range of from about 50 to 1 20°C, and the heating 

15 time is in the range of from approximately 5 to 50 hours. As an organic solvent, various compounds can be used, which 
may be selected for use from hydrocarbons, aromatic hydrocarbons, halogen compounds, ether compounds, amide 
compounds, sulfoxide compounds and so on. 

(i) Block copolymer for coating metal : 

20 

[0054] For producing a metal-organic polymer composite structure (particularly a porous metal-organic polymer com- 
posite structure) in which ultrafine metal particles are located near skeleton boundary of a polymer phase or a metal- 
organic polymer composite structure (particularly a porous metal-organic polymer composite structure) in which a high 
amount of ultrafine metal particles are contained in a polymer phase according to the preferred embodiments of the 
25 present invention, a metal-organic polymer complex is used in which the surface of an ultrafine metal particle (metal 
cluster) is coated with a block copolymer. This block copolymer is not particularly limited, providing it is constituted of 
a metalphilic block chain (polymer chain) and another block chain (polymer chain) incompatible with the metalphilic 
polymer. 

[0055] As a polymer for constituting the metalphilic block chain, there can be exemplified by a polymer composed 
30 of a monomer unit having a nitrogen atom such as poly(2-vinylpyridine), polyaminostyrene and the like; a polymer 
composed of a monomer unit having an oxygen atom such as poly(methyl methacrylate) and the like; a polymer com- 
posed of a monomer unit containing sulfur such as polypropylene sulfide). Any polymer is permissible providing it has 
basically affinity with metals or metal ions. A block copolymer or a random copolymer, which is obtained from a metal 
coordinated polymer by propagating other monomer units from the end of the polymer by living polymerization and the 
35 like, can be used. The number average molecular weight (Mn) of the metalphilic polymer chain may be from 1000 to 
1 000000, and preferably from 5000 to 500000. It is more preferable from 1 0000 to 1 00000 in view of the easiness for 
synthesis of a polymer and the stability of the resultant protected cluster (metal-organic polymer complex). 
[0056] The other polymer chain (polymer for constituting a phase which is to finally form a pore) of the block copolymer 
is not basically limited providing it is "incompatible with an ultrafine metal particle protected with a metalphilic polymer". 
40 in a case where a pore is formed in the structure, a polymer which can be decomposed is preferred as will be described 
below. 

[0057] The number of blocks in the block copolymer is not particularly limited. When a metal-organic polymer com- 
posite structure or porous metal-organic polymer composite structure containing a high amount of ultrafine metal par- 
ticles is to be produced by the direct microphase separation from the block copolymer, an A-B type diblock copolymer 
45 or an A-B-Atype triblock copolymer which tends to form a bicontinuous structure as the microphase-separated structure 
is preferred. 

(ii) Homopolymer for coating metal 

so [0058] While for obtaining the metal-organic polymer composite structure or porous metal-organic polymer composite 
structure of the present invention, the metal-organic polymer complex coated with the block copolymer as described 
above (i) is preferably used, a metal-organic polymer complex coated with a homopolymer can also be used. As the 
homopolymer, there can be used such a polymer as has been described in (i) for constituting a metalphilic block chain. 

55 (iii) Metal for constituting the complex 

[0059] As a metal for constituting the metal-organic polymer complex coated with a block copolymer (or a homopol- 
ymer) of the present invention, various metals can be applied. Examples of usable metals include transition metals, 
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for example, metals of the group VIII, particularly various noble metals. In preparing the complex, the metal is dissolved 
as a solvent-soluble metal compound (represented by a salt or a complex thereof) in an organic solvent together with 
a copolymer (or a homopolymer) and a reducing agent. 

[0060] Thus, according to the present invention, there can be obtained a metal-organic polymer complex in which 
5 the metal particle size is extremely small, i.e. 10 nm or less (usually several nm) and the particle size is uniform. This 
is because a reaction system for preparing an ultrafine metal particle protectively coated with a copolymer (or a 
homopolymer) is a uniform organic solvent system. 

(iv) Reducing agent 

10 

[0061] As the reducing agent, various compounds such as alcohols, saccharides, ascorbic acid, hydrogen gas, hy- 
drazine, boron hydride and the like can be used. 

[0062] While the ratio of a block copolymer, a soluble metal compound, a reducing agent and a solvent to be used 
for producing the metal-organic polymer complex coated with a block copolymer (or a homopolymer) depends on an 
15 aimed complex, the general standard thereof is as follows. 

Soluble compound/monomeric unit of copolymer (or homopolymer) = 1/4 to 1/50 (molar ratio) 
Reducing agent/soluble compound = 1/10 to 1/10000 (large excess)(molar ratio) 
Copolymer (or homopolymer)/solvent = 1/1000 to 1/10 (volume ratio) 

20 

(2) Matrix polymer 

[0063] In one embodiment, the metal-organic polymer composite structure of the present invention is obtained by 
forming a microphase-separated structure as described below from randomly mixed condition composed of a metal- 
25 organic polymer complex and a matrix polymer which is compatible with the complex, thereby introducing ultrafine 
metal particles into one polymer phase. 

[0064] As the matrix polymer into which ultrafine metal particles are to be introduced, there is used a block copolymer 
which is compatible with the above described "metal-organic polymer complex" in which an ultrafine metal particle is 
coated with a copolymer, namely, a block copolymer in which a polymer chain which is compatible with "the head 

30 portion of the metal-organic polymer complex" and a polymer chain compatible with "the tail portion of the metal-organic 
polymer complex" are bonded together at each end. Therefore, these polymer chains in the block copolymer for matrix 
are incompatible with each other. Such a block copolymer for matrix can be used, even if a metal-organic polymer 
complex in which an ultrafine metal particle is coated with a homopolymer (non-water-soluble organic polymer) is used 
as "the metal-organic polymer complex", since a polymer chain which is compatible with the homopolymer (a polymer 

35 chain which is compatible with the head portion) is contained. The number of blocks of this block copolymer is not 
particularly limited, and an A-B type diblock copolymer or an A-B-A type triblock copolymer which tends to form a 
bicontinuous structure is preferred. Requirements for this matrix block copolymer are as follows. 

(i) Polymer chain which Is compatible with "the head portion of the metal-organic polymer complex" 

40 

[0065] This polymer chain is not limited providing it has compatibility with the polymer protecting the metal. For finally 
producing a metal-organic polymer composite structure, a polymer which further suffices the condition that the sup- 
porting structure is not decomposed at room temperature is desired. It is preferred for the structural stabilization of the 
final porous structure that the glass transition temperature of such polymer chain is higher than room temperature (for 

45 example, poly(2-vinylpyridine) and poly(methyl methacrylate) and the like) and/or the monomer unit of the supporting 
polymer has a crosslinkable functional group (for example, an amino group, imino group, carboxyl group, hydroxyl 
group, halogen, dimethyl-propoxysilyl group and the like) so that the structure can be fixed by using the corresponding 
crosslinking agent (for example, poly(2-vinylpyridine) poly(dimethyl-2-propoxysilylstyrene) and the like). The number 
average molecular weight (Mn) of this polymer chain is not particularly limited, and may be from 1000 to 1000000. 

50 From the viewpoint of the easiness for synthesis of the polymer and the easiness for introduction of the ultrafine metal 
particles into the polymer, Mn of from 5000 to 500000 is preferable. 

(ii) Polymer chain compatible with "the tail portion of the metal-polymer complex" 

55 [0066] The number average molecular weight (Mn) of a polymer chain for forming the phase containing the ultrafine 
metal particle and a polymer chain for protecting the metal is not particularly limited, and may be from 1 000 to 1 000000. 
From the viewpoint of the easiness for synthesis of the polymer and easiness for introduction of ultrafine metal particles, 
Mn of from 5000 to 500000 is preferable. 
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(3) Formation of microphase-separated structure : 

(i) Formation of microphase-separated structure by phase separation of matrix block copolymer 

5 [0067] A "metal-organic polymer complex" (most preferably, a metal-organic polymer complex in which an ultrafine 
metal particle is coated with a block copolymer) is mixed with the above-described matrix block copolymer, and the 
mixture is heated to a temperature higher than the "order-disorder transition temperature (T ODT )" of the system or the 
mixture is dissolved in a common solvent for these components, to form "randomly mixed condition (disordered state)" 
in which all the components are all dissolved. A temperature decrease from this "disordered state" down to the T ODT 

io or lower or a solvent evaporation for concentration (casting) results in a phase separation of the respective polymer 
chains of the matrix block copolymer to form a microphase-separated structure (most preferably, a bicontinuous struc- 
ture). For forming such microphase-separated structure, homopolymers homologous to the respective polymers con- 
stituting the block copolymer may be mixed in the system. Further, a plasticizer may optionally be added to control the 
flexibility of the finally formed porous metal-organic polymer composite structure. 

15 [0068] A microphase-separated structure suitable for use as a catalyst, a membrane reactor and other applications 
is a bicontinuous structure. For obtaining this structure, either the volume ratio of the polymer phase compatible with 
the metal-organic polymer complex "head portion" or the volume ratio of the polymer phase compatible with the metal- 
organic polymer complex "tail portion" should be about 0.33, so that a porous structure is formed from the thus obtained 
metal-organic polymer composite structure. For finally producing a porous metal-organic polymer composite structure 

20 from the bicontinuous metal-organic polymer composite structure, the requirements for forming a fine porous material 
as given in (4) below have to be sufficed. 

[0069] During the step of forming the microphase-separated structure, as "the metal-organic polymer complex" (in 
which an ultrafine metal particle is protectively coated with a block copolymer) is composed of "the head portion" and 
"the tail portion" as described above, the respective portions will presumably tend to go into the compatible phases of 
25 the microphase-separated structure. However, since "the head portion" and "the tail portion" are chemically bonded, 
the complex can not penetrate deeply into the corresponding phases, and consequently a structure in which ultrafine 
metal particles are located on the interface of the phase-separated structure. 

[0070] For introducing ultrafine metal particles protectively coated with a block copolymer composed of "the head 
portion" and "the tail portion" into the phase-separated structure from a block copolymer for use as matrix, the two 
30 block copolymers are used in a ratio which does not disturb the microphase-separated structure of the matrix polymer. 

(ii) Formation of microphase-separated structure from metal-organic polymer complex : 

[0071] According to another preferred embodiment of the present invention, only by forming a microphase-separated 
35 structure from a metal-organic polymer complex itself (in which the surface of an ultrafine metal particle is coated with 
a block copolymer) as prepared and purified in the above-described step of (i), there is provided a metal-organic polymer 
composite structure composed of the phase of a metalphilic polymer containing a high amount of metal and the phase 
of a metalphobic polymer. For obtaining such structure, a solution or a melt is formed in which the metal-organic polymer 
complex coated with the block copolymer is randomly mixed (i.e. in a disordered state). In the former case, the solvent 
40 is cast (evaporated for concentration), while in the latter case the temperature is decreased down to the T ODT (order- 
disorder transition temperature) or lower, in general, simply by dissolving a metal-organic polymer complex coated 
with a block copolymer in a solvent and forming a cast film, a microphase-separated structure from the complex can 
be produced. 

[0072] The type of microphase-separated structure to be produced can be controlled by the volume ratio of the 
45 "phase composed of ultrafine metal particles and a metalphilic polymer" or by the volume ratio of the "phase composed 
of a metalphobic polymer". The volume ratio $ of either of the two phases can be related with the type of the structure 
of the metal-containing phase, generally as follows : $ <0.18 for sphere, 0.18<4><0.32 for cylinder ; 0.32«(><0.68 for 
lamella, and <t> up to 0.33 for producing a bicontinuous structure. The volume ratio of the metal-containing phase can 
be controlled to a desired value by controlling the molecular weight ratios of the respective block chains of a block 
50 copolymer used for coating the metal, or can be controlled by additionally mixing a homopolymer, an oligomer or a 
small molecule compatible with the phases. When such homopolymer and the like are mixed, a homopolymer or the 
like which is compatible with the metalphobic phase is preferably added in the preparation step in order not to decrease 
the metal content in the phase containing the metal. The homopolymer and the like can contribute to the pore formation 
by being eiuted in the pore formation step as will be described below. 
55 [0073] While this embodiment of the present invention is to obtain the composite structure by a microphase-separated 
structure from a metal-organic polymer complex itself (composed of an ultrafine metal particle coated with a block 
copolymer) without substantially using a matrix polymer, for stabilizing the phase-separated structure it is preferable 
to add a block copolymer, as a reinforcing material, which is the same as the block copolymer used for protectively 
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coating the ultrafine metal particle or Is compatible with such block copolymer, in a small amount so that the metal 
content does not decrease to 1% or lower. 

[0074] While various microphase-separated structures can be produced according to the present invention, the most 
preferable structure as a catalyst or a membrane reactor is a bicontinuous structure, i.e. a microphase-separated 
5 structure in which the two phases composed of the "phase of a metalphilic polymer containing ultrafine metal particles" 
and the "phase of a metalphobic polymer (in the case of a porous material, this phase forms a pore)" respectively form 
continuous networks. 

(4) Pore formation 

10 

[0075] Through the above-described steps, a metal-organic polymer composite structure of the present invention is 
obtained. For forming a porous structure in which ultrafine metal particles are contained in the support (the phase of 
a metalphilic polymer) from this structure, the polymer phase not containing the ultrafine metal particles of the micro- 
phase-separated structure is removed by using a pore formation methods as described below. These pore formation 
15 methods may be utilized in combination. 

(i) By selectively decomposing the polymer chain constituting the phase not containing the metal to a size of the 
monomer unit, a porous metal-organic polymer composite structure is obtained in which ultrafine metal particles 
are finally introduced into the supporting polymer. A typical polymer applicable to this method is a conjugated 

20 diene-based polymer (polybutadiene, polyisoprene and the like) which is conventionally known as the polymer to 

be subjected to ozonolysis. In utilizing photodecomposition, a polymer which is photodecomposable by specific 
wavelength absorption, such as poly(methylvinyl ketone) and the like, may be used. The number average molecular 
weight (M n) of the polymer is preferably approximately the same as that of the supporting polymer for the formation 
of the bicontinuous structure, and can be designed depending upon the molecular weight of the support. 

25 (ij) A homopolymer, an oligomer or a small molecule which is homologous and compatible with a metalphobic 

polymer (the polymer not containing ultrafine metal particles) is added to form a microphase-separated structure 
(particularly, a bicontinuous structure), and then, the homopolymer, oligomer or small molecule is eluted with a 
solvent, to form a pore. 

In this case, it is not necessary that the polymer chain not containing ultrafine metal particles should be de- 
30 composable itself (although it can be decomposable), and any polymer may be applied providing it is incompatible 

with the supporting polymer chain which supports the ultrafine metal particles. However, since the microphase- 
separated structure (particularly, the bicontinuous structure) is formed where there is contained the homopolymer, 
oligomer or small molecule to be finally eluted, it is necessary to design that the molecular weight of the block 
copolymer is equal to a value calculated by subtracting the volume ratio of such additional homopolymer and the 
35 like. 

(iii) In addition to the above-described methods, a method can also be used in which there is utilized a block 
copolymer produced by bonding two polymers at each end in a chemical bond which can be cut by an acid or a 
base, such as an ion bond, ester bond, amide bond and the like. After the formation of a metal-organic polymer 
composite structure the interpolymer bond is cut and the phase not containing ultrafine metal particles is dissolved 
40 for removal (e.g. Japanese Laid-open Patent No. 279,741/1990). 

[0076] A metal-organic polymer composite structure of the present invention thus obtained has a small pore size 
(tens to several hundreds nm) and a large porosity of, for example, even approx. 50%. 

[0077] The following examples f urth er illustrate the features of the present invention, but do not limit the scope thereof. 

45 

Example 1 

[0078] This Example is an example of the preparation of a metal-organic polymer complex (organic polymer-protect- 
ed metal cluster complex) in which an ultrafine metal particle is protectively coated with a non-water-soluble organic 
50 polymer. 

Example 1-1 : 

[0079] To a solution of poly(2-vinylpyridine)(hereinafter, abbreviated as P2VP) (Mn(number average molecular 
55 weight) =130,000) and palladium acetylacetonate (hereinafter, abbreviated as Pd(acac) 2 ) in benzene was added n- 
propyl alcohol as a reducing agent in the following ratio, and the resultant mixture was heated at 85°C for 48 hours to 
obtain a Pd cluster complex. 
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Pd(acac) 2 concentration = 6.6x1 0" 4 mol/l 
P2VP monomer unit concentration = 2.6x1 0' 2 mol/l 

n-propyl alcohol concentration = 50% by volume 

[0080] The resultant metal cluster has an average particle size of 4.6 nm ± 2.0 nm. The solvent was then evaporated 
to form a cast film composed of a poly(2-vinylpyridine) film containing metal clusters protected with uniformly dispersed 
poly(2-vinylpyridine). 

Example 1-2 : 

[0081] In Example 1 -1 , the solution after the reaction with heating was once evaporated for drying to solid, and re- 
dissolved in 1,4-dioxane followed by supercentrifugal separation for 2 hours. The metal cluster protected with the 
polymer was precipitated as a result. The precipitate was dissolved in 1 ,4-dioxane and subjected to super-centrifugal 
separation. This sequential purifying operation was repeated for several times to obtain only the metal cluster protected 
with poly(2-vinylpyridine) contained therein. The protected metal cluster was stable against various dissolution, con- 
densation, and washing operations. 

Example 1-3 : 

[0082] In the reaction system of Example 1 -1 , the polymer concentration and the metal concentration were changed 
to form protected clusters, and the respective particle sizes were evaluated. As shown in Table 1, it is seen that the 
protected metal clusters having an approximately constant size irrespective of the reaction condition were obtained. 
In the case of protection with poly(2-vinylpyridine), the protected particle sizes were constant regardless of the differ- 
ence in polymer molecular weight, as shown in Table 2. 



Table 1 





P2VP monomer unit concentration (mol/l) 


Reaction time (hr) 


2 


5 


9 


24 


48 


Particle size (nm) 


2.6X10-2 


4.4 ±2 


4.8 ±2 


5.4 ±2 


5.0 ±2 


4.6 ±2 


6.5X1 0- 3 


4.8 ±2 


5.2 ±2 


5.0 ±2 


5.4 ±2 


5.6 ±2 




Table 2 






Molecular weight(Mn) 


5000 


50000 


135000 




Particle size(nm) 


4.6 ±2 


5.2 ±2 


5.0 ±2 



Example 1-4 : 



[0083] To a solution of a block copolymer (hereinafter, abbreviated as P2VP-b-PI ; Mn = (20600)-b-(12600)) com- 
posed of po!y(2-vinylpyridine) and polyisoprene (hereinafter, abbreviated as PI) and palladium acetyl acetonate in ben- 
zene was added n-propyl alcohol as a reducing agent in the following ratio, and the resultant mixture was heated at 
85 °C for 48 hours to obtain an organic polymer-protected Pd cluster complex. 

Pd(acac) 2 concentration = 6.6 x10" 4 mol/l 
P2VP monomer unit concentration = 2.6 X10" 2 mol/l 
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n-propyl alcohol concentration 50% by volume 
[0084] The resultant metal cluster has an average particle size of 4 nm ± 2 nm. 

5 

Example 1-5 : 

[0085] The solution after the reaction in Example 1 -4 was once evaporated for drying to solid, and re-dissolved in 
1 ,4-dioxane followed by supercentrifugal separation at 50000 rpm for 2 hours, to precipitate a protected metal cluster, 

10 and the precipitate was dissolved in 1 ,4-dioxane and subjected to supercentrifugal separation. This sequential purifying 
operation was repeated for several times to obtain only metal cluster complex protected with P2VP-b-PI contained 
therein. The protected metal cluster thus obtained was stable also against various dissolution and condensation op- 
erations. The separated and purified protected metal cluster was then dissolved again in a solution of (P2VP-D-PI : Mn 
= 20600-b-12600) in benzene to prepare cast film. A P2VP-D-PI film was obtained in which the protected metal clusters 

is did not form large coagulations and were dispersed relatively uniformly. 

Example 2 

[0086] This example is an example of the preparation of a porous metal-organic polymer composite structure by 
20 adding a metal-organic polymer complex (in which an ultrafine metal particle is protectively coated with a homopolymer) 
to a matrix polymer for forming a microphase-sepa rated structure. 

[0087] To a solution of a homopolymer of poly(2-vinylpyridine) (P2VP : Mn = 50000) and palladium acetylacetonate 
(Pd(acac) 2 ) in benzene was added n-propyl alcohol as a reducing agent in the following ratio, and the resultant mixture 
was heated at 85°C for 5 hours to obtain ultrafine Pd particles of which surfaces were protected with P2VP having an 
25 average particle size of 4.5 nm. 

-4 

Pd(acac) 2 concentration = 6.6 x 1 0 mot/I 

30 -2 

2-vinylpyridine monomer unit concentration = 2.6 x 10 mol/l 

n-propyl alcohol concentration - 50% by volume 

35 

[0088] The solution after the reaction was once evaporated for drying to solid, and re-dissolved in 1 ,4-dioxane fol- 
lowed by supercentrifugal separation at 50000 rpm for 2 hours for several times, so as to purify the ultrafine palladium 
particles protected with P2VP (abbreviated as (Pd) n -P2VP). The (Pd) n -P2VP and a diblock copolymer (P2VP-D-PI : 
Mn = 23,000 to 17,000) composed of poly(2-vinylpyridine) and pofyisoprene was dissolved in chloroform which is a 
40 common solvent for these compounds in the following ratio, and further, a polyisoprene homopolymer (PI : Mn = 7,000) 
and a P2VP homopolymer (Mn = 50,000) were added for controlling the composition. 

Solution composition : 

45 [0089] 

P2VP-D-PI (Mn = 23,000 to 17,000) = 100 mg 
((Pd) n -P2VP) = 0.4 mg 
PI (Mn = 7,000) = 30 mg 
50 P2VP (Mn = 50,000) = 1 6 mg 

Solvent ; cholroform = 20 ml 

[0090] The solution was cast in a Teflon vessel to form a film having a bicontinuous structure composed of two phases 
(the thickness of each phase : tens nm) of P2VP phase containing the ((Pd) n -P2VP) and the P2VP homopolymer and 
55 PI phase containing the PI homopolymer produced by the microphase-separation from the diblock copolymer (P2VP- 
b-PI). 

[0091] This film was dried in a vacuum. Then quaternization reaction of the pyridine with 1 ,4-diiodobutane was con- 
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ducted for the crosslinking between the pyridyl groups to fix the shape of the P2VP phase containing (Pd) n -P2VP. The 
fixed cast film was washed with hexane to elute the PI homopolymer contained in the PI phase to form a pore through 
the PI phase. Further, this pore was expanded by ozonolysis of the PI chain which composes the block copolymer. As 
a result, there was obtained a fine porous membrane (the average pore size and the average matrix width were both 
5 tens nm) in which the Pd fine particles having a particle size of about 4 nm were fixed. The resultant fine porous 
structure had a Pd content of only 0.45% by weight. 

Example 3 

10 [0092] This example is an example of the preparation of a porous metal-organic polymer composite structure by 
forming a microphase-separated structure from a metal-organic polymer complex in which an ultrafine metal particle 
is protectively coated with a block copolymer. 

[0093] To a solution of a block copolymer (P2VP-b-PI) (number average molecular weight Mn = 23,000 to 1 7,000) 
composed of poly(2-vinylpyridine)(P2VP) and polyisoprene (PI) and palladium acetylacetonate (Pd(acac) 2 )in benzene 
15 was added n-propyl alcohol as a reducing agent in the following ratio, and the resultant mixture was heated at 85°C 
for 50 hours to obtain a metal-organic polymer complex ((Pd) n -(P2VP-b-PI)) composed of an ultrafine Pd particle of 
which surface was protected with P2VP-b-PI having an average particle size of 5 nm. 

-4 

20 Pd(acac) 2 concentration = 6.6 x 1 0 mol/l 



2-vinylpyridine monomer unit concentration = 2.6 x 10" mol/l 

25 

n-propyl alcohol concentration = 50% by volume 

[0094] The solution after the reaction was once evaporated for drying to solid, and re-dissolved in 1 ,4-dioxane fol- 
lowed by to supercentrifugal separation at 50000 rpm for 2 hours for several times, to purify ((Pd) n -(P2VP-b-PI)). The 
30 ((Pd) n -(P2VP-D-PI)) was dissolved in chloroform, and further, a polyisoprene homopolymer (PI : Mn = 7,000) and a 
P2VP-b-PI (Mn = 23,000 to 17,000) were added for controlling the composition in the following ratio. 

Solution composition : 

35 [0095] 

Solvent ; chloroform = 1 00 ml 
((Pd) n -(P2VP-D-PI)) = 10 mg 
P2VP-D-PI (Mn = 23,000 to 1 7,000) = 1 7 mg 
40 p| (Mn = 17,000) = 2 mg 

[0096] This solution was cast in a Teflon vessel to form a film having a bicontinuous structure in which the ((Pd) n - 
(P2VP-D-PI)) and the diblock copolymer were microphase-separated to (Pd) n -P2VP phase and PI phase (the thickness 
of each phase : tens nm). 

45 [0097] This film was dried in a vacuum. Then, quaternization reaction of the pyridine with 1,4-diiodobutane was 
conducted for the crosslinking between the pyridyl groups to fix the shape of the phase composed of the (Pd) n and the 
P2VP. The fixed cast film was then washed with hexane to elute the PI homopolymer contained in the PI phase to form 
a pore through the PI phase. Further, this pore was expanded by ozonolysis of the PI chain which composes the block 
copolymer. As a result, there was obtained a fine porous membrane (the average pore size and the average matrix 

50 width were both tens nm) in which the ultrafine Pd particles having a particle size of about 5 nm were fixed. This fine 
porous structure had a metal Pd content of 54% by weight. A electron microphotograph of the resultant fine porous 
structure is shown in Fig. 5. 

Example 4 

55 

[0098] This example is an example of the preparation of a porous metal-organic polymer composite structure by 
adding a metal-organic polymer complex (in which an ultrafine metal particle is coated with a block copolymer) to a 
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matrix polymer for forming a microphase-separated structure. 

[0099] To a solution of a diblock copolymer (P2VP-D-PI : 23,000 to 1 7,000) composed of poly(2-vinylpyridine)(P2VP) 
and polyisoprene (PI) and palladium acetylacetonate (Pd (acac) 2 ) in benzene was added n-propyl alcohol as a reducing 
agent in the following ratio, and the resultant mixture was heated at 85 C for 50 hours to obtain a metal-organic polymer 
5 complex((Pd) n -(P2VP-D-PI)) composed of an ultrafine Pd particle of which surface was protected with P2VP-b-PI 
having an average particle size of 5 nm. 

Pd(acac) 2 concentration = 6.6 x10" 4 mol/l 

10 

2-vinylpyridine monomer unit concentration = 2.6 x 10* 2 mol/l 



15 n-propyl alcohol concentration = 50% by volume 

[0100] The solution after the reaction was once evaporated for drying to solid, and re-dissolved in 1 ,4-dioxane fol- 
lowed by supercentrifugal separation at 50000 rpm for 2 hours for several times, to produce (Pd) n -(P2VP-D-PI). The 
(Pd) n -(P2VP-b-PI) and a matrix polymer (P2VP-b-PI : Mn = 23,000 to 1 7,000) were dissolved in chloroform, a common 
20 solvent for these compounds, in the following ratio. Further, a polyisoprene homopolymer (PI : Mn = 7,000) was added 
for controlling the composition. 

Solution composition : 

25 [0101] 

P2VP-D-PI (Mn = 23,000 to 17,000) = 87 mg 
((Pd) n -(P2VP-b-PI)) = 3mg 
PI (Mn = 7,000)= 13 mg 
30 Solvent ; chloroform = 20 ml 

[0102] This solution was cast in a Teflon vessel to form a film having a bicontinuous structure composed of two 
phases (the thickness of each phase : tens nm) of P2VP phase containing the((Pd) n -P2VP) and PI phase containing 
the PI homopolymer, produced by the microphase-separation from the matrix polymer (P2VP-b-PI). 

35 [0103] This film was dried in a vacuum. Then, quaternization reaction of the pyridine with 1 ,4-diiodobutane was 
conducted for the crosslinking between the pyridyl groups to fix the shape of the P2VP phase containing the ultrafine 
Pd particles in the interface. The fixed cast film was washed with hexane to elute the PI homopolymer contained in the 
PI phase to form a pore through the PI phase. Further, this pore was expanded by ozonolysis of the PI chain which 
composes the block copolymer. As a result, there was obtained a fine porous membrane of P2VP (the average pore 

40 size and the average matrix width were both tens nm) in which the ultrafine Pd particles having a particle size of about 
5 nm were fixed on the interface (Fig. 4). 



Claims 

45 

1 . A method for producing a porous metal-organic polymer composite structure comprising a microphase-separated 
structure from a block copolymer in which a metalphilic polymer chain and a metalphobic polymer chain which are 
incompatible with each other are bonded together at each end, wherein ultrafine metal particles are contained in 
the metalphilic polymer phase of said microphase-separated structure, comprising the steps of: 

50 

i) dissolving a non-water-soluble organic polymer, a solvent-soluble metal compound and a reducing agent in 
an organic solvent, and then heating the solution for reduction at 50 to 120°C to produce a metal-organic 
polymer complex in which an ultrafine metal particle is protectively coated with the n on -water-soluble organic 
polymer, 

55 

ii) producing a solution or a melt in which said metal-organic polymer complex and a matrix block copolymer 
compatible with the complex are randomly mixed, and forming a microphase-separated structure from said 
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matrix block copolymer by a solvent casting or a decrease in temperature, thereby introducing the ultrafine 
metal particles into the metalphilic polymer phase, and 

iii) removing the metalphobic polymer phase from said microphase-separated structure for pore formation by 
5 eluting or decomposing said metalphobic polymer phase. 

2. The method according to claim 1 , wherein, as the non-water-soluble organic polymer, a block copolymer is used 
in which a metalphilic polymer chain and a metalphobic polymer chain which are incompatible with each other are 
bonded together at each end, so as to obtain a metal-organic polymer composite structure in which ultrafine metal 

10 particles are located near the skeleton boundary of the metalphilic polymer phase of the microphase-separated 

structure. 

3. The method according to claim 1 , wherein, as the non-water-soluble organic polymer, a homopolymer composed 
of a metalphilic polymer chain is used, so as to obtain a metal-organic polymer composite structure in which ultrafine 

is metal particles are located deeply inside and around the center of the metalphilic polymer phase of the microphase- 

separated structure. 

4. The method according to claim 2 or claim 3, wherein in the step of forming the microphase-separated structure, 
a homopolymer which is compatible with the metalphobic polymer is added, and in the step of pore formation , said 

20 homopolymer is eluted. 

5. A method for producing a porous metal-organic polymer composite structure comprising a microphase-separated 
structure from a block copolymer in which a metalphilic polymer chain and a metalphobic polymer chain which are 
incompatible with each other are bonded together at each end, wherein ultrafine metal particles are contained in 

25 the metalphilic polymer phase of said microphase-separated structure, comprising the steps of: 

i) dissolving a block copolymer in which a metalphilic polymer chain and a metalphobic polymer chain are 
bonded together at each end, a solvent-soluble metal compound and a reducing agent in an organic solvent, 
and then heating the solution for reduction at 50 to 120°C to produce a metal-organic polymer complex in 

30 which an ultrafine metal particle is protectively coated with said block copolymer, and 

ii) producing a solution or a melt in which said metal-organic polymer complex is randomly mixed, and forming 
a microphase-separated structure from said metal-organic polymer complex by a solvent casting or a decrease 
in temperature, and 

35 

iii) removing the metalphobic polymer phase from said microphase-separated structure for pore formation by 
eluting or decomposing said metalphobic polymer phase. 

6. The method according to claim 5, wherein in the step of forming the microphase-separated structure, a homopol- 
40 ymer which is compatible with the metalphobic polymer is added, and in the step of pore formation, said homopol- 
ymer is eluted. 



Patentanspruche 

45 

1 . Ein Verfahren zur Herstellung eines porosen, metallorganischen Polymer-Verbundbauteil umfassend eine Mikro- 
phasen-separierte Struktur eines Blockcopolymers, in welchem eine metallophile Polymerkette und eine metallo- 
phobe Polymerkette, die zueinander inkompatibel sind, an jedem Ende aneinander gebunden sind, wobei in der 
metallophilen Polymerphase der besagten Mikrophasen-separierten Struktur ultrafeine Metal Ipartikel enthalten 
50 sind, umfassend die folgenden Schritte: 

i) Auflosen eines wasserunloslichen organischen Polymers, einer in einem Losungsmittel loslichen Metallver- 
bindung und eines Reduktionsmittels in einem organischen Losungsmittel, anschlieBende Erwarmung der 
Losung zur Reduktion bei 50 bis 120° C, urn einen metallorganischen Polymerkomplex herzustellen, indem 

55 ein ultrafeines Metallpartikel mit dem wasserunloslichen organischen Polymer geschutzt umhullt ist, 

ii) Herstellung einer Losung oder einer Schmelze, in der der besagte metallorganische Polymerkomplex und 
ein Matrix-Blockcopolymer, das mit dem Komplex kompatibel ist, wahllos gemischt wird, und Bildung einer 
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Mikrophasen-separierten Struktur aus dem besagten Matrix-Blockcopolymer durch Abgieften des Losungs- 
mittels oder eine Temperatursenkung, wobei die ultrafeinen Metallpartikel in die metal lophile Polymerphase 
eingebracht werden, und 

iii) Entfernung der metallophoben Polymerphase von der besagten Mikrophasen-separierten Struktur zur Po- 
renbildung durch Herauslosen oder Zersetzung der besagten metallophoben Polymerphase. 

2. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass als wasserunlosliches organisches Polymer ein 
Blockcopolymer verwendet wird, in dem eine metallophile Polymerkette und eine metallophobe Polymerkette, die 
zueinander inkompatibel sind, an jedem Ende aneinander gebunden sind, urn ein metallorganisches Polymer- 
Verbundbauteil zu erhalten, in dem ultrafeine Metallpartikel in der Nahe des Endes des Gertists der metallischen 
Polymerphase der Mikrophasen-separierten Struktur angeordnet sind. 

3. Verfahren nach Anspruch 1 , dadurch gekennzeichnet, dass als wasserunlosliches organisches Polymer ein 
Homopolymer, zusammengesetzt aus einer metallophilen Polymerkette, verwendet wird, urn ein metallorgani- 
sches Polymer-Verbundbauteil zu erhalten, in dem ultrafeine Metallpartikel tief im Inneren und in der Nahe des 
Zentrums der metallophilen Polymerphase der Mikrophasen-separierten Struktur angeordnet sind. 

4. Verfahren nach Anspruch 2 oder Anspruch 3, dadurch gekennzeichnet, dass beim Schritt der Bildung der Mi- 
krophasen-separierten Struktur ein Homopolymer, das mit dem metallophoben Polymer kompatibel ist, zugesetzt 
wird und beim Schritt der Porenbildung das besagte Homopolymer ausgewaschen wird. 

5. Verfahren zur Herstellung eines porosen metallorganischen Polymer-Verbundbauteils enthaltend eine Mikropha- 
sen-separierte Struktur eines Blockcopolymers, in welchem eine metallophile Polymerkette und eine metallophobe 
Polymerkette, die zueinander inkompatibel sind, an jedem Ende aneinander gebunden sind, wobei in der metal- 
lophilen Polymerphase der besagten Mikrophasen-separierten Struktur ultrafeine Metallpartikel enthalten sind, 
umfassend die folgenden Schritte: 

i) Auflosen eines Blockcopolymers, in dem eine metallophile Polymerkette und eine metallophobe Polymer- 
kette an jedem Ende aneinander gebunden sind, einer in einem Losungsmittel loslichen Metallverbindung und 
eines Reduktionsmittels in einem organischen Losungsmittel, anschlieBend Erwarmen der Losung auf 50 bis 
120° C zur Reduktion, urn einen metallorganischen Polymerkomplex herzustellen, in dem ein ultrafeines Me- 
tallpartikel durch das besagte Blockcopolymer geschutzt umhullt ist, und 

ii) Herstellung einer Losung oder einer Schmelze, indem der besagte metallorganische Polymerkomplex wahl- 
los gemischt ist, und eine Mikrophasen-separierte Struktur aus dem besagten metallorganischen Polymer- 
komplex durch Losungsmittel auswaschen oder eine Verminderung der Temperatur gebildet wird und 

iii) Entfernung der metallophoben Polymerphase von der besagten Mikrophasen-separierten Struktur zur Po- 
renbildung durch Auswaschen oder Zersetzen der besagten metallophoben Polymerphase. 

6. Verfahren nach Anspruch 5, dadurch gekennzeichnet, dass beim Schritt der Bildung der Mikrophasen-separier- 
ten Struktur, ein Homopolymer, das mit dem metallophoben Polymer kompatibel ist, zugesetzt wird, und beim 
Schritt der Porenbildung das besagte Homopolymer ausgewaschen wird. 



Revendications 

1. Precede de production d'une structure composite polymere organique - metal poreux comprenant une structure 
separee en microphases a partir d'un copolymere sequence dans lequel une chaine polymere metallophile et une 
chaTne polymere metallophobe qui sont incompatibles Tune avec I'autre sont liees Tune a ('autre a chaque extremite, 
dans lequel des particules de metal ultraf ines sont contenues dans la phase polymere metallophile de ladite struc- 
ture separee en microphases, comprenant les etapes consistant a : 

i) dissoudre un polymere organique non-hydrosoluble, un compose metallique soluble dans un solvant et un 
agent de reduction dans un solvant organique, puis a chauffer la solution pour la reduction a 50 a 1 20°C pour 
produire un complexe polymere organique - metal dans lequel une particule de metal ultrafine est enduite 
pour protection du polymere organique non-hydrosoluble, 



17 



EP 0 864 362 B1 



ii) produire une solution ou une fusion dans laquelle ledit complexe polymere organique - metal et un copoly- 
mere sequence et matriciel compatible avec le complexe sont melanges de maniere aleatoire, et former une 
structure separee en microphases a partir dudit copolymere sequence et matriciel par une coulee de solvant 
ou une diminution de la temperature, introduisant ainsi les particules de metal ultrafines dans la phase poly- 
mere metallophile, et 

iii) retirer la phase polymere metallophile de ladite structure separee en microphases pour la formation de 
pores en eluant ou en decomposant ladite phase polymere metallophile. 

Procede selon la revendication 1 , dans lequel, en tant que le polymere organique non-hydrosoluble, un copolymere 
sequence est utilise dans lequel une chaTne polymere metallophile et une chalne polymere metallophobe qui sont 
incompatibles Tune avec I'autre sont liees Tune a I'autre a chaque extremite, de maniere a obtenir une structure 
composite polymere organique - metal dans laquelle des particules de metal ultrafines sont situees pres de la 
limite du squelette de la phase polymere metallophile de la structure separee en microphases. 

Procede selon la revendication 1, dans lequel, en tant que le polymere organique non-hydrosoluble, un homopo- 
lymere compose d'une chaTne polymere metallophile est utilise, de maniere a obtenir une structure composite 
polymere organique - metal dans laquelle les particules de metal ultrafines sont situee profondement a I'inteneur 
et autour du centre de la phase polymere metallophile de la structure separee en microphases. 

Procede selon la revendication 2 ou la revendication 3, dans lequel dans I'etape consistant a former la structure 
separee en microphases, un homopolymere qui est compatible avec le polymere metallophobe est ajoute, et dans 
I'etape de la formation de pores, ledit homopolymere est elue. 

Proced§ de production d'une structure composite polymere organique - metal poreux comprenant une structure 
s6par6e en microphases d'un copolymere sequence dans lequel une chaTne polymere metallophile et une chaTne 
polymere metallophobe qui sont incompatibles Tune avec I'autre sont liees Tune a I'autre a chaque extremite, dans 
lequel des particules de metal ultrafines sont contenues dans la phase polymere metallophile de ladite structure 
separee en microphases, comprenant les etapes consistant a : 

i) dissoudre un copolymere sequence dans lequel une chaTne polymere metallophile et une chaTne polymere 
metallophobe sont liees Tune a I'autre a chaque extremite, un compose metallique soluble dans un solvant et 
un agent de reduction dans un solvant organique, puis chauffer la solution pour la reduction a 50 a 120°C 
pour produire un complexe polymere organique - metal dans lequel une particule de metal ultrafine est endulte 
pour protection dudit copolymere sequence, et 

ii) produire une solution ou une fusion dans laquelle un complexe polymere organique - metal est melange de 
maniere aleatoire, et former une structure separee en microphases a partir dudit complexe polymere organique 
- metal par une coulee de solvant ou une diminution de temperature, et 

iii) retirer la phase polymere metallophobe de ladite structure s6par6e en microphases pour la formation de 
pores en eiuant ou en decomposant ladite phase polymere metallophobe. 

Procede selon la revendication 5, dans lequel dans I'etape consistant a former la structure separee en micropha- 
ses, un homopolymere qui est compatible avec le polymere metallophobe est ajoute, et dans I'etape de formation 
de pores, ledit homopolymere est elue. 
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Figure 1 
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Figure 5 




22 



